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Signal router with coupling of multiple waveguide modes for providing a shaped 
multi-channel radiation pattern viumg a snapea 



(57) A signal router includes a free space region with 
input and output sides. A number of input and output 
waveguide arms extend from the respective input and 
output sides of the free space region. At least a subset 
of the input or output waveguide arms are configured 
such that a signal applied to one of the waveguide arms 
excites multiple modes of that waveguide arm. Coupling 
between the multiple modes of the various waveguide 
arms is used to shape a multi-channel output radiation 
pattern of the router. The excitation of multiple modes 



may be provided by configuring a given waveguide arm 
to include a first portion and a second portion, with the 
second portion arranged between the first portion and 
a side of the free space region and having a width which 
is greater than a width of the first portion. Alternatively, 
the excitation of multiple modes may be provided by in- 
cluding one or more auxiliary waveguide arms between 
a given pair of main input or output waveguide arms. In 
either case, a desired multi-channel radiation pattern for 
a given router may be provided by altering characteris- 
tics of the waveguide arms. 



CM 
< 
CM 

m 

T— 

00 
00 

o 

Q. 
LU 



FIG. 2A< 




FREE SPACE 
REGION 

32. 




Printed by Jouve. 75001 PARIS (FR) 



Description 

Field of the Invention 



The present invention reiates generally to star cou- 
plers and other signal routers for use In optical, micro- 
wave and other signal routing applications, and more 
particularly to a signal router in which coupling from mul- 
tiple modes of a given waveguide arm is used to produce 
a radiation pattern having a desired shape. 

Background of the Invention 

A star coupler is a signal router commonly utilized 
in both microwave and optical frequency ranges. In the 
microwave context, star couplers are used to focus 
fields emanating from a phased array of antennas into 
a narrow beam, as described in, for example, N. Amitay 
et al., "Theory and Analysis of Phased Array Antennas 
" New York: Wiley, 1 972. In the optical context, star cou- 
plers are useful in applications such as combining the 
outputs from laser arrays and multiplexing wavelengths 
in wavelength grating routers. For example, M.G. Young 
et al., "A 16x1 Wavelength Division Multiplexer with In- 
tegrated Distributed Bragg Reflector Lasers and Elec- 
troabsorption Modulators," IEEE Photonics Technology 
Letters, Vol. 5, pp. 908-10, August 1993, which is incor- 
porated by reference herein, describes the use of star 
couplers to combine and focus light from an array of la- 
sers. U.S. Patent No. 5,002,350, which issued March 
26, 1 991 to C. Dragone and is incorporated by reference 
herein, describes the use of star couplers to collect light 
from an array of waveguide arms in a wavelength grat- 
ing router. " 

FIG. 1 shows a conventional optical star coupler 1 0 
of the type described in greater detail in U.S. Patent No. 
4,904,042, which issued February 27, 1990 to C. Drag- 
one and is incorporated by reference herein. The star 
coupler 10 includes a high-index free space region 12 
which is bounded by left and right circular arcs 14 and 
16, respectively. The free space region 12 is typically 
formed as a slab of low-loss dielectric or other material. 
A number of input waveguide arms 18 c , 18 L ' and 18^ 
are aligned in an array along the left arc 1 4, each point- 
ing to the center of the right arc 16. A number of output 
waveguide arms 20 c , 20J and 20^ are aligned in an 
array along the right arc 16, each pointing to the center 
of the left arc 14. The input and output waveguide arms 
18 and 20 each have a width w. The spacing a between 
the center lines of adjacent waveguide arms is reiened 
to as the period of the coupler 10. In the conventional 
coupler 10, there is generally only one period, or unit 
cell, for each of the input or output waveguides. The ra- 
dius of curvature R of the star coupler 10 is the distance 
between the centers of the left arc 14 and the right arc 
16. A normalized angle Q is defined such that a first 
Brillouin zone of the star coupler 10 extends from n = 
-0.5 to n = 0.5 as indicated by the dashed lines in FIG. 
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1 . Ideally, all of the optical signal light radiating from the 
star coupler 10 should be focused uniformly in the first 
Brillouin zone, and no stray light should exist outside 
that zone. In practice, substantial amounts of light fall 
5 outside the first Brillouin zone, such that the efficiency 
of a laser array or wavelength grating router incorporat- 
ing star coupler 10 is significantly reduced. Moreover, 
the output radiation pattern in the first Brillouin zone of 
conventional star coupler 1 0 is not distributed evenly but 
10 is instead peaked in its center. 

A number of techniques are known for increasing 
the efficiency of the conventional star coupler 10. One 
such technique, described in greater detail in C. Drag- 
one, 'Efficient NxN Star Couplers Using Fourier Optics, 
15 " IEEE Journal of Lightwave Technology, Vol. 7, No 3 
pp. 479-489, March 1989, C. Dragone, "Efficiency of a 
Periodic Array with Nearly Ideal Element Pattern," IEEE 
Photonics Technology Letters, Vol. 1, No. 8. pp 
238-240, August 1989, C. Dragone, "Optimum Design 
so of a Planar Array of Tapered Waveguides," Journal of 
the Optical Society of America, Vol. 7, No. 11, pp 
2081-2093, November 1990, U.S. Patent 5,039 993 is- 
sued August 13, 1991 to C. Dragone, and C. Dragone, 
"Optimal Finite-Aperture Filters with Maximum Efficien- 
ts cy," Journal of the Optical Society of America, Vol 9 
No. 1 1 , pp. 2048-2054, November 1 992, all of which are 
incorporated by reference herein, involves tapering the 
width of the waveguide arms using a gradual adiabatic 
taper, such that the waveguides arms are widest near 
30 the free space region 12. In a gradual adiabatic taper, 
most of the electric field remains in the fundamental or 
dominant eigenmode of a given waveguide arm, and 
very little power is transferred to other modes. This re- 
duces the transition losses between the waveguide 
3$ arms and the free space region, such that more optical 
signal light reaches the first Brillouin zone. 

Another technique for improving the efficiency of 
the conventional star coupler 10 is described in C. van 
Dam et al., "Loss Reduction for Phased-Array Demulti- 
<o plexers Using a Double Etch Technique, " Integrated 
Photonics Research, Boston, MA, pp. 52-55, April 
29-May 2, 1996, which is incorporated by reference 
herein. This technique involves adding a second high- 
index layer over the waveguide arms of the coupler, 
45 such that a vertical taper is produced. Like the above- 
described gradual adiabatic taper, this vertical taper ap- 
proach reduces the transition losses between the 
waveguide arms and the free space region, such that 
more optical signal light reaches the first Brillouin zone. 
50 The vertical taper acts as a gradual adiabatic taper in 
the sense that the fields in the waveguide arms remain 
substantially in the fundamental eigenmode. Although 
the vertical taper is based on the same principles as the 
above-described gradual taper, vertical tapers are gen- 
55 erally difficult to fabricate and therefore utilize an abrupt 
transition instead of a gradual transition. Nonetheless, 
star couplers using either the gradual taper or vertical 
taper approaches typically exhibit a multi-channel out- 
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put radiation pattern which is peaked in its center, and 
therefore may not provide the optimal radiation pattern 
required in a given application. 

It is therelore apparent that a need exists for im- 
proved techniques for shaping the output radiation pat- 
tern of a star coupler, without undermining the efficiency 
of the coupler, such that the radiation pattern can be op- 
timized for a given signal routing application. 



Summary of the Inimnt.nn 

The present invention provides a star coupler or 
other type of signal router in which excitation and cou- 
pling of multiple modes of input or output waveguide 
arms are utilized to distribute radiation from a 
waveguide arm in an efficient and uniform manner An 
exemplary signal router in accordance with the invention 
includes a free space region having an input side and 
an output side, with sets of input and output waveguide 
arms extending from the respective input and output 
sides. A given one of the input or output waveguide arms 
is configured such that a signal applied thereto excites 
multiple modes of the given waveguide arm. Unlike con- 
ventional routers which generally avoid excitation of 
multiple waveguide modes, the present invention utiliz- 
es coupling between the multiple modes to provide a 
desired multi-channel output radiation pattern for the 
router. Any one or more of the input or output waveguide 
arms may be configured to include excitation and cou- 
pling of multiple waveguide modes in accordance with 
the invention. When a signal is applied to a waveguide 
arm configured to support excitation and coupling of 
multiple modes, it is radiated from the arm into the free 
space region in accordance with the radiation pattern. 
The shape of the multi-channel output radiation pattern 
for a given router may be selected by altering charac- 
teristics of one or more of the waveguide arms. 

In an illustrative embodiment of the invention, a 
transition is provided for a given waveguide arm by con- 
figuring the waveguide arm to include a first portion and 
a second portion. The second portion is arranged be- 
tween the first portion and a side of the free space re- 
gion., and may be wider or narrower than the second por- 
tion, such that a transition in width exists at an interface 
between the first and second portions. A signal applied 
to the first portion of the waveguide arm then excites 
multiple modes of the second portion. Each of the mul- 
tiple modes of the second portion has a different prop- 
agation constant, such that the above-noted coupling of 
two or more modes is provided on the waveguide arm. 
In another illustrative embodiment, the transition is pro- 
vided for a given waveguide arm by including at least 
one auxiliary waveguide arm between first and second 
adjacent waveguide arms of the signal router. A gap be- 
tween the auxiliary waveguide arm and at least one of 
the first and second waveguide arms may be maintained 
at a substantially constant width along a portion of a 
length of the auxiliary waveguide arm. In other embod- 



iments, a given auxiliary waveguide arm may be abrupt 
tapered or segmented, and two or more auxiliary 
waveguide arms having different characteristics may be 
used between adjacent main waveguide arms, varia- 
s tions in the characteristics of the waveguide arms, such 
as the length, width and shape of the first and second 
portions of a two-portion waveguide arm or the length, 
width and shape of an auxiliary waveguide arm, are 
used to provide a desired multi-channel output radiation 
10 pattern for the corresponding router. 

The present invention thus utilizes the excitation 
and coupling of multiple waveguide modes to shape a 
multi-channel output radiation pattern of a star coupler 
or other signal router. A given signal router may include 
« transitions or auxiliary waveguides with one or more of 
the input waveguide arms, one or more of the output 
waveguide arms, or one or more of both the input and 
output waveguide arms. Also, one type of transition or 
auxiliary waveguide could be utilized for the input 
«> waveguide arms, while another type of transition is uti- 
lized for the output waveguide arms. As noted above, 
the radiation pattern shaping techniques of the invention 
are applicable to a variety of different frequency ranges, 
including both optical and microwave frequencies. The 
25 techniques can be used to provide any of a number of 
different radiation pattern shapes. Star couplers or other 
signal routers configured in accordance with the inven- 
tion are well-suited for use in important signal routing 
applications such as wavelength multiplexers and de- 
30 multiplexers, mufti-wavelength laser arrays, and micro- 
wave phased array antennas. The signal routers con- 
figured in accordance with the present invention not only 
exhibit an efficiency comparable to or greater than that 
of conventional routers, but also provide a radiation pat- 
3* tern which need not have the peaked shape typically as- 
sociated with conventional routers. The abruptness of 
the waveguide arm transitions in certain embodiments 
also allows the signal router to be constructed with a 
more compact area than a router with conventional 
<o gradual transitions. These and other features and ad- 
vantages of the present invention will become more ap- 
parent from the accompanying drawings and the follow- 
ing detailed description. 

45 Brief Descri ption of the Drawings 



FIG. 1 shows a conventional star coupler. 
FIG. 2 A shows a portion of a star coupler configured 
with abrupt transitions in one or more waveguide arms 
so in accordance with an illustrative embodiment of the 
present invention. 

FIGS. 2B through 2G show alternative waveguide 
arm transitions which may be used to provide coupling 
of multiple waveguide eigenmodes in accordance with 
55 the invention. 

FIG. 3A shows a portion of a star coupler configured 
with a waveguide arm transition in the form of an auxil- 
iary waveguide arranged between a pair of adjacent 
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waveguide arms in accordance with another embodi- 
ment of the present invention. 

FIGS. 3B through 3D show alternative auxiliary 
waveguide arrangements which may be utilized to pro- 
vide coupling of multiple eigenmodes in accordance 
with the invention. 

FIGS. 4 and 5 plot multi-channel output radiation 
patterns of star coupler waveguide arms configured with 
abrupt transitions in accordance with the invention, as 
a function of Brillouin zone angle and waveguide arm 
dimensions. 

FIGS. 6A and 6B show exemplary optical routers 
configured using a pair of star couplers with shaped ra- 
diation patterns In accordance with the invention. 

FIGS. 7A and 7B illustrate the conventional use of 
a multi-mode interferometer in a waveguide grating rout- 
er in accordance with the prior art. 

FIGS. 8A and 8B illustrate the use of multi-mode 
interferometers to provide radiation pattern shaping in 
a waveguide grating router in accordance with the 
present invention. 



Detailed Descriptio n of the Invention 

The present invention will be illustrated below in 
conjunction with exemplary optical star couplers. It 
should be understood, however, that the invention is not 
limited to use with any particular type of signal router, 
but is instead more generally applicable to any router in 
which it is desirable to shape a multi-channel output ra- 
diation pattern without adversely impacting the router ef- 
ficiency. Moreover, the radiation pattern shaping tech- 
niques described herein can be applied to couplers and 
other signal routers in non-optical applications, such as 
microwave signal routing in a phased array antenna 
The term "router" as used herein is therefore intended 
to include star couplers, multiplexers, demultiplexers, 
switches, and splitters, as well as other signal routing 
devices operating in optical, microwave or other fre- 
quency ranges. The term "field" is intended to include 
any type of electromagnetic excitation or radiation, in- 
cluding microwave, radio frequency, acoustic. X-ray 
and infrared, visible, ultraviolet or other optical radiation! 
A "waveguide" is generally any conduit or pathway for 
a field. The term "eigenmode" refers to a mode, of a 
waveguide. The term "mode" as used herein is intended 
to include eigenmodes. The properties of a given 
waveguide, such as index of refraction and geometry (e. 
g., width, height, shape, etc.) affect the number and 
shape of the eigenmodes of that waveguide. An eigen- 
value is generally associated with each eigenmode The 
eigenvalues are related to propagation constant, which 
determines how fast fields travel along the waveguide 
Eigenmodes may be guided modes, which can propa- 
gate along the waveguide without significant loss, or ra- 
diation modes, which decay exponentially along the 
waveguide. Radiation modes are sometimes referred to 
as being "cut off." In a given waveguide, fields can be 



composed of one, two or many eigenmodes. An "abrupt 
transition* refers to a sudden change in a characteristic 
of a waveguide, such as a sudden change in width or 
height. An abrupt transition generally gives rise to a 
s change in the number and type of eigenmodes, and thus 
a change in the proportions of each eigenmode in a giv- 
en field. Other types of non-abrupt transitions may also 
be used to provide superposition or coupling of multiple 
waveguide modes in accordance with the invention A 
io "multi-channel radiation pattern" refers generally to the 
variation as a function of frequency between different 
output channels of a router, in contrast to the frequency 
response within any particular channel. 

The present invention provides a shaped multi- 
15 channel output radiation pattern in a star coupler by al- 
tering the structure of the waveguide arms of the cou- 
pler. As described in detail above, conventional star cou- 
plers generally utilize a gradual, adiabatically tapered 
transition in the waveguide structure, such that the fields 
so in the waveguide arms are substantially limited to the 
fundamental eigenmodes of the waveguide arms. The 
conventional tapered transition thus produces a multi- 
channel output radiation pattern which is peaked in its 
center, and which generally cannot be shaped to provide 
25 an optimal radiation pattern for a given application In 
contrast to the conventional single-mode transitions the 
present invention utilizes transitions which excite multi- 
ple modes of the waveguide structure. It will be shown 
below that various characteristics of the waveguide 
30 arms can be altered to shape the multi-channel output 
radiation pattern of the coupler, without adversely im- 
pacting the coupler efficiency. The radiation pattern can 
thereby be made more appropriate for the requirements 
of a given signal routing application. The coupling of 
3B multiple waveguide modes also provides other advan- 
tages, such as reducing the overall size of the star cou- 
pler. In some configurations, the waveguide arm struc- 
tures can in fact increase the efficiency of the coupler 
while also providing the shaped radiation pattern. 
40 FIG. 2 A shows a portion of a star coupler 30 con- 
figured in accordance with a first illustrative embodiment 
of the present invention. The coupler 30 includes a free 
space region 32 defined by left and right circular arcs 
34 and 36. A number of input waveguide arms 38 are 
45 arranged in an array along the left arc 34 as shown. The 
coupler 30 may be constructed using any suitable type 
of material, including semiconductor materials such as 
silicon, InR and GaAs, as well as other materials such 
as oxides, polymers and fibers. The output waveguides 
so are omitted for clarity of illustration, but may be config- 
ured in a conventional manner as in FIG. 1 or with any 
of the different types of transitions to be described be- 
low. Pairs of adjacent input waveguides 38 are separat- 
ed by a distance a which represents the period of the 
ss star coupler 30. Each of the input waveguides 38 in- 
cludes an abrupt transition between a narrow 
waveguide portion 40 having width w t and a wider 
waveguide portion 42 having width w 2 . A given 
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waveguide arm 38 is thus widest at the arc 42, as in the 
conventional tapered waveguide arms previously de- 
scribed. In accordance with the invention, the transition 
at the interlace between the narrow portion 40 and the 
wide portion 42 of the waveguide arm 38 is an abrupt 
transition, capable of exciting multiple eigenmodes of 
the waveguide arm. This waveguide structure is also 
known as a multimode interferometer (MMI). Although 
the MMI structure itself is known in other contexts, it is 
believed that the structure has not heretofore been ap- 
plied to exciting multiple modes of a waveguide arm in 
order to provide a shaped multi-channel output radiation 
pattern. 

Details regarding conventional MMI devices may be 
found in, for example, LB. Soldano and E.C.M. Pen- 
nings, "Optica! Multi-Mode Interference Devices Based 
on Self-Imaging: Principles and Applications, IEEE 
Journal of Lightwave Technology, Vol. 13, No. 4, pp. 
615-627, April 1 995, which is incorporated by reference 
herein. Conventional MMIs devices may be used to split 
powers from M input waveguides into N output 
waveguides, where M and N are both greater than one. 
In the simplest version, M = 1 and N = 2, and the power 
in one input waveguide is divided equally between two 
output waveguides. More complex MMIs which do not 
split power equally are described in, for example, RA. 
Besse et al„ "New 2x2 and 1x3 Multimode Interference 
couplers with Free Selection of Power Splitting Ratios, 
" IEEE Journal of Lightwave Technology, Vol. 14 No' 
10, pp. 2286-2293, October 1 996, which is incorporated 
by reference herein. As will be described in greater de- 
tail in conjunction with FIGS. 7A and 7B below, MMIs 
have also been utilized in a waveguide grating router to 
shape the frequency response within an individual out- 
put port. Such an arrangement is described in J.B.D. 
Soole et al., "Use of Multimode Interference Couplers 
to Broaden the Passband of Wavelength -Dispersive In- 
tegrated WDM Filters,- IEEE Photonics Technology Let- 
ters, Vol. 8, No. 10, pp. 1340-1342, October 1996, which 
is incorporated by reference herein. However, MMIs 
have not been utilized to shape the frequency variation 
between different ports of a signal router, as in the 
present invention. 

In accordance with the invention, the signal fields 
in the narrow waveguide portion 40 of a given 
waveguide arm 38 excite various modes of the wider 
portion 42. The various modes of the wider portion 42 
have different propagation constants and therefore beat 
against each other. The superposition of these modes, 
each with a different phase, yields a large number of 
possible output radiation patterns. For example, the field 
f L {K y, z) in portion 40 of waveguide arm 38 may be 
given by: 



if the cross-section of portion 40 is constant and there- 
fore independent of z, where E m <- (x, y) is the nth eigen- 
mode in portion 40, and c m *- denotes the amount of field 
io m the mth eigenmode, and max m is the maximum 
number of eigenmodes in portion 40. Similarly, the field 
/"(x, y z) in portion 42 of waveguide arm 38 may be 
given by: 



15 



max m 

f*(x >y , z ) . £ , 
m-l 



20 if the cross-section of portion 42 is constant and inde- 
pendent of z, where E m * (x, y) is the mth eigenmode in 
portion 40, and c m « denotes the amount of field in the 
mth eigenmode, and max m is the maximum number of 
eigenmodes in portion 42. It should be noted that con- 
25 stant cross-sections are assumed in portions 40 and 42 
for simplicity of illustration only, and that other embodi- 
ments may utilize non-uniform cross-sections. In this 
simplified example., at z = z 0 the waveguide portions 40 
and 42 meet and P- (x, y t z 0 ) = f* (x, y, z 0 ). This equality 
30 implies that power transfer between eigenmodes oc- 
curs, that is, c m L * c m « because E m L * E m * 

A particular multi-channel output radiation pattern 
appropriate for a given application can therefore be se- 
lected by a suitable adjustment of the width and/or 
35 length of the narrow portions 40 and the wider portions 
42 of the waveguide arms 38. Other variations in the 
shape of the waveguide arms could also be used to pro- 
vide an abrupt transition such that the fields in the 
waveguide arms are composed of a superposition of a 
<o plurality of eigenmodes, rather than a single eigenmode 
as in the conventional tapered transition approach. For 
example, instead of a single abrupt transition as in the 
illustrative embodiment of FIG. 2A, a stepped configu- 
ration including a series of transitions could be used for 
45 one or more of the waveguide arms. Another alternative 
to the embodiment of FIG. 2A is an embodiment in which 
the width w 1 of the first portion 40 is wider than the width 
w 2 o1 the second portion 42. Such an embodiment may 
involve excitation of radiation modes as well as guided 
50 modes of the waveguide arm. 

FIGS. 2B through 2H show a number of other alter- 
native waveguide transitions suitable for use in exciting 
multiple modes of a waveguide arm in the star coupler 
of FIG. 2A. Each of FIGS. 2B through 2H shows a 
ss waveguide arm 38 including a first portion 40 and a sec- 
ond portion 42, as in the FIG. 2A embodiment. FIGS. 
2B and 2C show waveguide arm transitions which are 
more gradual than the abrupt transition of FIG. 2A em- 
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bodiment, but significantly less gradual than the typical 
prior art gradual adiabatic transitions described above. 
In the prior art transitions, the waveguide transition is 
very gradual, such that excitation of multiple waveguide 
modes is minimized. The present invention, in contrast, 
encourages excitation of multiple waveguide modes, in 
order to shape the output radiation pattern. The transi- 
tions of FIGS. 2B and 2C illustrate that excitation of mul- 
tiple waveguide modes can be provided using transi- 
tions which are less abrupt than the FIG. 2A transition, 
but less gradual than the prior art adiabatic transitions' 
The transitions shown in FIGS. 2D through 2H are re- 
ferred to generally as -butterfly" MMI structures. These 
and other MMI structures are described in greater detail 
in the above-cited P. A. Besse et al. reference. As noted 
above, although these and other MMI structures are 
known and used in other contexts, it is believed that 
such structures have not been used to provide excitation 
of multiple waveguide modes for purposes of shaping a 
multi-channel output radiation pattern. 

Numerous other transitions could also be used to 
excite multiple modes of a given waveguide arm in order 
to provide multi-channel output radiation pattern shap- 
ing in accordance with the invention. For example, the 
regular MMI structure of FIG. 2A may be viewed as a 
specific example of the more general "butterfly" MMI, 
which in turn is a specific example of a waveguide hav- 
ing a cross-section which changes significantly over a 
short distance such that power is transferred between 
different eigenmodes. The waveguide structures shown 
in FIGS. 2B through 2H, like that of FIG. 2A. may also 
be configured such that the width w, of the first portion 
40 is wider than the width iv^of the second portion 42. 
For example, the positions of portions 40 and 42 in 
FIGS. 2B through 2H may be interchanged. As previ- 
ously noted in conjunction with FIG. 2A above, such em- 
bodiments may involve excitation of radiation modes as 
well as guided modes of the waveguide arm. 

FIG. 3A shows a portion of a star coupler 50 con- 
figured in accordance with a second illustrative embod- 
iment of the invention. The coupler 50 includes a free 
space region 52 defined by left and right circular arcs 
54 and 56. A number of input waveguide arms 58 are 
arranged in an array along the left arc 54. Each of the 
waveguide arms has a width w m The coupler 50 in- 
cludes a number of output waveguide arms 60, one or 
more of which may also be configured to utilize a tran- 
sition which excites multiple waveguide modes. The pe- 
riod a of the coupler 50 corresponds to the distance be- 
tween center lines of an adjacent pair of waveguide 
arms 58. In a conventional star coupler, such as that 
shown in FIG. 1, the array of input waveguide arms in- 
cludes only a single waveguide repeated periodically 
with period a. A gradual adiabatic transition is provided 
in the conventional coupler by, for example, configuring 
the waveguide arms with a gradual taper in width, such 
that the fields in the waveguide arms excite only funda- 
mental eigenmodes. The coupler 50 of the present in- 



vention in contrast provides a waveguide arm transition 
such that the fields in the waveguide arms are com- 
posed of a superposition of a plurality of eigenmodes. 
This transition is provided by including an auxiliary 
5 waveguide arm 62 between each pair of main 
waveguide arms 58. The auxiliary waveguide arms 62 
m this embodiment do not serve as input waveguides 
for supplying signal inputs to the coupler 50, but are in- 
stead configured to provide the above-noted transition 
™ which alters the characteristics of the fields on the main 
waveguide arms. 

Fields in a particular main waveguide arm 58 are 
generally localized or confined in that waveguide arm, 
while a small portion of the field exists outside the 
15 waveguide arm. The magnitude of the portion of the field 
outside the waveguide arm 58 generally depends on the 
shape of the eigenmodes of the waveguide arm. When 
a second or auxiliary waveguide arm 62 is located near 
the main waveguide arm 58 as shown in FIG. 3A, some 
20 light from the main waveguide arm may be present in 
an eigenmode of the auxiliary waveguide arm. This spa- 
tial overlap of the eigenmodes of the two waveguide 
arms leads to power transfer or coupling between the 
eigenmodes. The total amount of power transferred de- 
25 pends on the shape of the eigenmodes, the separation 
between the waveguide arms, and the distance over 
which the two waveguide arms interact. In the example 
of FIG. 3A ; each auxiliary waveguide arm 62 has a width 
w a: and is arranged at approximately the midpoint be- 
30 tween a pair of main waveguide arms 58. Each period 
a of the coupler 50 thus includes two waveguides, rather 
than a single waveguide in a conventional structure. Al- 
ternative embodiments could include two or more aux- 
iliary waveguide arms between each pair of adjacent 
35 main waveguide arms. In general, different auxiliary 
guides may have different shapes, separations and di- 
mensions. The use of one auxiliary waveguide between 
main waveguide arms typically produces two peaks in 
the resulting multi-channel output radiation pattern, 
40 while use of two or more auxiliary waveguide arms be- 
tween main waveguide arms may produce three or more 
peaks. 

FIGS. 3B through 3D show a number of alternative 
auxiliary waveguide arrangements suitable for use in 
<s exciting multiple modes of a waveguide arm in the star 
coupler 50 of FIG. 3A. In the FIG. 3B arrangement, the 
auxiliary waveguide arm 62 includes a gradual taper 
rather than the abrupt termination shown in FIG. 3A. 
FIG. 3C shows an embodiment in which the auxiliary 
50 waveguide arm 62 is segmented into a number of dis- 
tinct elements 64. FIG. 3C shows an example of the 
above-noted alternative embodiment in which three 
auxiliary waveguide arms 62-1, 62-2 and 62-3 are ar- 
ranged between a pair of main waveguide arms 58. 
55 Each of these arrangements results in the excitation of 
multiple waveguide modes on a given waveguide arm 
58, and is therefore suitable for use in providing radia- 
tion patten shaping in accordance with the invention. 
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FIG. 4 shows a set of plots illustrating the multi- 
channel output radiation patterns generated by star cou- 
plers configured using the waveguide arm transitions 
described in conjunction with FIG. 2A. The radiation pat- 
terns are plotted as power radiated to the right arc 36 in 
decibels (dB) as a function of the previously-described 
normalized Brillouin zone angle Q, with an input optical 
signal applied to one of the waveguide arms 38. As not- 
ed above, values of LI between -0.5 and 0.5 define a 
first Brillouin zone. The coupler efficiency is related to 
the degree to which the coupler is able to confine the 
radiated power to the first Brillouin zone. The abrupt 
transition used in the example of FIG. 4 had a narrow 
portion width w 1 of 5 um and a wider portion width w 2 
of 15 um The index n of the waveguide arms 38 and 
the free space region 32 were about 0.40% higher than 
that of the surrounding material, which had an index n 
of 1 .4457. The wavelength of the input optical signal ap- 
plied to a given one of the input waveguide arms 38 was 
about 1.55 um FIG. 4 shows the multi-channel output 
radiation patterns provided by three different-length 
MMI structures, as well as a radiation pattern provided 
by using a conventional gradual taper approach. The ra- 
diation pattern labeled "taper" is generated by a star 
coupler which includes only conventional gradual, adi- 
abatically-tapered transitions on the waveguide arms. It 
can be seen that the conventional 'taper" radiation pat- 
tern is peaked in its center, as previously described. The 
three patterns labeled "200 um", "500 u/tT and "600 u^n" 
correspond to three different implementations of the 
abrupt transition structure of FIG. 2A, and the label in- 
dicates the length of the wider portion 42 of a given 
waveguide arm 38 as measured from the left arc 42 to 
the narrow portion 40. 

The pattern corresponding to a 200 urn long portion 
42 was generated for a coupler with a period a of 1 9.2 
um as measured near the free space region 32, and a 
radius of curvature R of 4800 um It can be seen that 
the multi-channel output radiation pattern in this case is 
peaked like the conventional taper radiation pattern, but 
provides a higher output power for a given input and thus 
has a significantly higher efficiency than the convention- 
al taper pattern. The pattern corresponding to a 500 urn 
long portion 42 was generated for a coupler with a period 
a of 18 um and a radius of curvature R of 4500 um The 
resulting radiation pattern is substantially flatter than the 
conventional taper pattern, and has a transition loss of 
less than 1 .05 dB for IQI < 0.35. The pattern correspond- 
ing to a 600 u-m long portion 42 was generated for a 
coupler with a period a of 17.6 [im and a radius of cur- 
vature R of 4400 urn. The resulting radiation pattern is 
more efficient but less flat than the 500 /am radiation pat- 
tern, and has a transition loss of less than about 0.3 dB 
for Iftl < 0.20. The radiation patterns of FIG. 4 indicate 
that the abrupt transition waveguide arm structure of 
FIG. 2A can be used to provide a variety of different ra- 
diation pattern shapes, all having efficiency greater than 
or comparable to that provided by the conventional 



gradual taper approach. It should be noted that radiation 
pattern shapes other than those shown can be provided 
as required for a given application, and that non-abrupt 
transitions such as those described in conjunction with 
^ FIGS. 2B through 2H could be used to provide similar 
results. 

FIG. 5 shows a set of plots illustrating the multi- 
channel output radiation patterns generated by star cou- 
plers configured using the waveguide arm arrange- 
10 ments described in conjunction with FIG. 3A. The radi- 
ation patterns are plotted as power radiated to the right 
arc 56 in dB as a function of the Brillouin zone angle Li, 
with an input optical signal applied to one of the main 
waveguide arms 58. A single auxiliary waveguide arm 
62 was added between each pair of adjacent main 
waveguide arms 58. In the examples of FIG. 5, the pe- 
riod a was about 1 4 pm as measured near the free space 
region 52 ; and the radius of curvature R was about 2000 
um The width w m of the main waveguide arm 58 was 
20 about 5 jim, and the width w a of the auxiliary waveguide 
arm 62 was about 3 um both as measured near the free 
space region 52. The width w a of the auxiliary guide 62 
changes along its length such that gap between it and 
each of its adjacent main waveguide arms is maintained 
25 at a constant 3 um As previously noted in conjunction 
with FIG. 3A, the auxiliary guide 62 provides an abrupt 
transition which alters the field on the main waveguide 
arm such that it contains a superposition of a plurality of 
eigenmodes. As in the examples of FIG. 4, the index n 
30 of the waveguide arms 5B, 62 and the free space region 
52 were about 0.40% higher than that of the surrounding 
material, which had an index n of 1.4457, and the ap- 
plied input optical signal wavelength was about 1 .55 um 
The peaked radiation pattern labeled "taper" in FIG. 
35 5 is generated by a star coupler which includes only con- 
ventional gradual, adiabatically-tapered transitions on 
the waveguide arms, and no auxiliary waveguide arms. 
The two patterns labeled "300 um" and "400 jim» corre- 
spond to two different implementations of the abrupt 
<to transition structure of FIG. 3A, and the label indicates 
the length of the auxiliary waveguide 62. The pattern 
corresponding to a 300 u.m long auxiliary waveguide 
arm 62 is peaked like the conventional taper radiation 
pattern, but provides a higher output power for a given 
input and thus has a significantly higher efficiency than 
the conventional taper pattern. The pattern correspond- 
ing to a 400 jim long auxiliary waveguide arm 62 is sub- 
stantially flatter than the conventional taper pattern, and 
has a transition loss of about 1 dB for mi < 0.35.' The 
so radiation patterns of FIG. 5 indicate that the abrupt tran- 
sition provided by the auxiliary waveguide arms of FIG. 
3A can be used to provide a variety of different radiation 
pattern shapes, all having efficiency greater than or 
comparable to that provided by the conventional gradual 
s $ taper approach. Again, radiation patterns other than 
those shown could also be provided using the tech- 
niques of the present invention, and alternative auxiliary 
waveguide arrangements such as those described in 
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conjunction with FIGS. 3B through 3D could be used to 
provide similar results. 

FIG. 6A illustrates an NxN optical waveguide grat- 
ing router (WGR) 1 00 which may be configured to utilize 
the radiation pattern shaping techniques of the present 
invention. The router 100 is a modified version of the 
type of router described generally in U.S. Patent Nos 
5,136,671, 5,412,744, 5,467,418 and 5,488,680, all of 
which are incorporated by reference herein. The router 
100 includes a first coupler 102, a second coupler 104 
and N grating arms 106 interconnecting the first and 
second coupler. The first coupler 102 includes N input 
waveguide arms 108, and the second coupler 104 in- 
cludes N output waveguide arms 110. Output 
waveguide arms of the first coupler 1 02 are connected 
via the grating arms 106 to corresponding inputs of the 
second coupler 104. In accordance with the invention, 
the router 100 also includes a number of auxiliary 
waveguide arms 112 arranged between output 
waveguide arms of the first coupler 102, and a number 
of auxiliary waveguide arms 114 arranged between in- 
put waveguide arms of the second coupler 104. One or 
more auxiliary waveguide arms 112 is associated with 
each of the output waveguide arms of the first coupler 
102, and one or more auxiliary waveguide arms 114 is 
associated with each of the input waveguide arms of the 
second coupler 104. 

The auxiliary waveguide arms 1 12 and 1 14 may be 
configured in the manner described in conjunction with 
FIGS. 3A through 3D above. Alternative embodiments 
could include tapered auxiliary waveguides, segmented 
auxiliary waveguides, or multiple auxiliary waveguides 
between each pair of main waveguide arms. It should 
be noted that the auxiliary waveguide arms 112 need 
not be of the same type or in the same configuration as 
the auxiliary waveguide arms 114. Moreover, one or 
more of the auxiliary waveguide arms may be replaced 
with an MM I structure on the corresponding main 
waveguide arm, such that the router 100 uses a combi- 
nation of auxiliary waveguide arms and MM! structures. 

FIG. 6B shows a IxN optical WGR 120 configured 
to utilize the radiation pattern shaping techniques of the 
present invention. The router 120 includes a first coupler 
122, a second coupler 124 and N grating arms 126 in- 
terconnecting the first and second coupler. The first cou- 
pler 1 22 includes a single input waveguide arm 1 28, and 
the second coupler 124 includes N output waveguide 
arms 130. Output waveguide arms of the first coupler 
122 are connected via the grating arms 126 to corre- 
sponding inputs of the second coupler 124. In accord- 
ance with the invention, the router 120 also includes a 
number of auxiliary waveguide arms 132 arranged ad- 
jacent to output waveguide arms of the first coupler 1 22. 
One or more auxiliary waveguide arms 1 32 is associat- 
ed with each of the input waveguide arms of the second 
coupler 1 24. As in the FIG. 6A embodiment, the auxiliary 
waveguide arms 132 may be configured utilizing any of 
the embodiments described in conjunction with FIGS. 



3A through 3D above. Also, one or more of the auxiliary 
waveguide arms 132 may be replaced with an MMI 
structure on the corresponding main waveguide arm, 
such that the router 120 uses a combination of auxiliary 
5 waveguide arms and MMI structures. 

The optical routers 1 00 and 1 20 can be used to pro- 
vide a variety of multiplexing, demultiplexing and switch- 
ing operations. For example, the router 100 may be 
used to multiplex a number of wavelength channels ap- 
io plied to different input waveguide arms of the first star 
coupler 102 such that a single murti-channel optical sig- 
nal appears at a particular one of the output waveguide 
arms of the second coupler 104. The routers 100 and 
120 may be used to demultiplex a multi-channel optical 
15 signal applied to an input waveguide arm of the first cou- 
pler into its distinct wavelength channels, such that each 
wavelength channel appears at a particular one of the 
output waveguide arms of the second coupler. An ap- 
propriate selection of input signal wavelength also per- 
20 mits the router 100 to switch an input signal between 
any selected input waveguide arm of the first coupler 
and any selected output waveguide arm of the second 
coupler. Additional details regarding the operation of 
wavelength grating routers may be found in the above- 
25 cited U.S. Patents. The signal routers of the present in- 
vention may be utilized in numerous other optical and 
non-optical signal routing applications. 

FIGS. 7A and 7B illustrate the operation of a con- 
ventional 1xN wavelength grating router 150 which uti- 
lizes an MMI structure. As noted above, MMI structures 
have been utilized to shape the frequency response of 
a particular router output channel. The FIG. 7A router is 
of the type described in the previously-cited J.B.D. 
Soole et al. reference. The conventional router 150 in- 
35 dudes a first star coupler 152 having its output 
waveguide arms connected via grating arms 1 56 to cor- 
responding input waveguide arms of a second star cou- 
pler 154. The first coupler includes a single input 
waveguide arm 158 configured as an MMI structure. 
40 The second coupler includes N output waveguide arms 
160. FIG. 7B shows the output frequency response of 
the router 150. The MMI structure on the input 
waveguide arm 158 is used to shape the frequency re- 
sponse of particular output channels as shown. Howev- 
& er, the conventional arrangement of FIG. 7A does not 
shape the radiation pattern of the router in terms of var- 
iation between different router output channels as a 
function of frequency, as in the present invention. The 
multi-channel output radiation pattern shown in FIG. 7B 
50 is thus of the conventional peaked variety previously de- 
scribed. 

FIGS. 8Aand8B illustrate a IxN wavelength grating 
router 170 with multi-channel output radiation pattern 
shaping in accordance with the present invention. The 
55 router 170 includes a first star coupler 172, a second 
star coupler 174, and N grating arms 176 connecting 
output waveguide arms of the first coupler 1 72 to corre- 
sponding input grating arms of the second coupler 174. 
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The second star coupler 174 has N output waveguide 
arms. The input waveguide arms of the second coupler 
174 are configured as MMI structures 1B2 of the type 
described in conjunction with FIGS. 2A through 2H 
above. This arrangement permits the output radiation 
pattern of the router to be shaped across multiple router 
output channels as a function of frequency. FIG. 8B 
shows the output frequency response of the router 170. 
The peaks in the response correspond to different out- 
put channels of the router 170. It can be seen that the 
placement of the MMI structures 182 at the inputs of the 
second coupler 174 provides shaping of the response 
across multiple channels. This is in contrast to the prior 
art use of the MMI structure to provide shaping within a 
given channel, as illustrated in FIGS. 7A and 7B above. 
The FIG. 8B response therefore shows a shaped multi- 
channel radiation pattern. Other radiation pattern 
shapes, such as those described in conjunction with 
FIGS. 4 and 5 above, may also be provided in the router 
170 of FIG. 8A. 

The present invention utilizes excitation and cou- 
pling of multiple waveguide modes to shape a multi- 
channel output radiation pattern of a star coupler or oth- 
er signal router. The multiple waveguide modes may be 
excited using transitions on the waveguide arms or aux- 
iliary waveguides arranged adjacent to the waveguide 
arms. A given signal router may include transitions or 
auxiliary waveguides with one or more of the input 
waveguide arms, one or more of the output waveguide 
arms, or one or more of both the input and output 
waveguide arms. Also, one type of transition or auxiliary 
waveguide could be utilized for the input waveguide 
arms, while another type of transition or auxiliary 
waveguide is utilized for the output waveguide arms. 
The radiation pattern shaping techniques of the inven- 
tion are applicable to a variety of different frequency 
ranges, including both optical and microwave frequen- 
cies. The techniques can be used to provide any of a 
number of different radiation pattern shapes in addition 
to the flattened and peaked radiation pattern shapes il- 
lustrated in conjunction with FIGS. 4 and 5 above. Fur- 
thermore, the invention may be utilized in conjunction 
with conventional techniques, such as gradual adiabatic 
waveguide arm tapering. Star couplers or other signal 
routers configured in accordance with the invention are 
well-suited lor use in important signal routing applica- 
tions such as wavelength multiplexers and demultiplex- 
ers, multi-wavelength laser arrays, and microwave 
phased array antennas. 

The above-described embodiments of the invention 
are intended to be illustrative only. Numerous alternative 
embodiments may be devised by those skilled in the art 
without departing from the scope of the following claims. 
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1. A signal router comprising: 



a free space region (32); and 
a plurality of waveguide arms (38) extending 
from a side of the free space region, wherein at 
least one of the waveguide arms is configured 
such that a signal applied to the at least one 
waveguide arm excites multiple modes of that 
waveguide arm, and coupling of the multiple 
modes is used to shape a multi-channel output 
radiation pattern of the router. 

2. The router of claim 1 wherein the at least one 
waveguide arm is configured to include a first por- 
tion (40) and a second portion (42), the second por- 
tion being arranged between the first portion and 
the free space region, and wherein the first and sec- 
ond portions have different widths. 

3. The router of claim 2 wherein the transition between 
the first portion and the second portion is an abrupt 
transition. 

\. The router of any of claims 1 to 3 wherein the plu- 
rality of waveguide arms extending from a side of 
the free space region include first and second ad- 
jacent input waveguide arms, and at least one aux- 
iliary waveguide arm is arranged between the first 
and second adjacent input waveguide arms. 

. A signal router having a free space region with an 
input side and an output side, the router comprising: 

first and second adjacent input waveguide 
arms extending from one of the sides of the free 
space region; and 

at least one auxiliary waveguide arm arranged 
between the first and second adjacent input 
waveguide arms, the auxiliary waveguide arm 
providing coupling between multiple modes of 
at least one of the first and second waveguide 
arms. 

The router of claim 4 or claim 5 wherein the gap 
between the auxiliary waveguide arm and at least 
one of the first and second waveguide arms is main- 
tained at a substantially constant width along a por- 
tion of the length of the auxiliary waveguide arm. 

The router of any of claims 4 to 6 wherein the at 
least one auxiliary waveguide arm is a tapered 
waveguide arm. 

The router of any of claims 4 to 6 wherein the at 
least one auxiliary waveguide arm is a segmented 
waveguide arm. 

The router of any of claims 4 to 8 wherein two or 
more auxiliary waveguide arms are arranged be- 
tween the first and second adjacent input 
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waveguide arms. 
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10. The router of any of the preceding claims wherein 
the signal is an optical signal. 

11. The router of claim 1 further including a second plu- 
rality of waveguide arms extending from a side of 
the free space region opposite the side from which 
the first plurality of waveguide arms extend. 

12. A method of shaping a radiation pattern of a signal 
router including a free space region and a plurality 
of waveguide arms extending from a side of the free 
space region, the method comprising the steps of: 

configuring at least one of the waveguide arms 
such that a signal applied to the at least one 
waveguide arm excites multiple modes of that 
waveguide arm; and 

shaping a multi-channel output radiation pat- 20 
tern of the router by providing coupling between 
the multiple modes. 

13. The method of claim 12 wherein the configuring 
step further includes configuring the at least one 25 
waveguide arm to include a first portion and a sec- 
ond portion, such that the second portion is ar- 
ranged between the first portion and the free space 
region, and the first and second portions have dif- 
ferent widths. 



tween the first and second adjacent input 
waveguide arms. 

20. The method of any of claims 12 to 19 wherein the 
signal is an optical signal. 

21. A signal router comprising: 

first and second couplers each having a set of 
input waveguide arms and a set of output 
waveguide arms; and 

a connection between at least one of the output 
waveguide arms of the first coupler and at least 
one of the input waveguide arms of the second 
coupler; 

wherein at least one of the output waveguide 
arms of the first coupler or the input waveguide 
arms of the second coupler is configured such 
that a signal applied to the at least one 
waveguide arm excites multiple modes of that 
waveguide arm, and coupling of the multiple 
modes is used to shape a multi-channel output 
radiation pattern of the router. 



14. 



15. 



16. 



The method of claim 13 wherein a transition be- 
tween the first portion and the second portion is an 
abrupt transition. 

The method of any of claims 12 to 14 wherein first 
and second adjacent input waveguide arms extend 
from the side of the free space region, and the con- 
figuring step includes providing at least one auxilia- 
ry waveguide arm between the first and second ad- 
jacent waveguide arms. 

The method of claim 15 wherein the gap between 
the auxiliary waveguide arm and at least one of the 
first and second waveguide arms is substantially 
constant along a portion of a length of the auxiliary 
waveguide arm. 
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17. The method of claim 15 or claim 16 wherein the at 
least one auxiliary waveguide arm is a tapered 
waveguide arm. 



18. 



The method of claim 1 5 or claim 1 6 wherein the at 
least one auxiliary waveguide arm is a segmented 
waveguide arm. 



19. The method of claim 15 or claim 16 wherein two or 
more auxiliary waveguide arms are arranged be- 
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